It is very important to obtain the temperature and heat flux distribution in the mould which can reflect the nonuniformity along circumferential direction and the changes of practical operation parameters for visualization of continuous casting process, on-line monitoring of strand quality and precise prediction of abnormality. In this paper, based on the data of continuous monitoring temperature in round billet casting machine, an inverse problem algorithm is applied to study the 3D heat flux field and the real 3D shell thickness profile in the mould which can reflect the nonuniformity of heat transfer along circumferential direction in normal production. The results indicate that under the course of normal production, the mould heat flux and shell thickness are various along the circumferential direction, and are influenced by the installation conditions of mould in caster. A "high heat flow region" occurs in the area 80-130 mm below meniscus, where the heat flux is obviously higher and more nonuniform than that in the area in middle and lower part of the mould. The heat flux profile along circumferential direction in the "high heat flow region" determines the profiles of shell thickness at different heights below meniscus to some extent, both of them have similar profiles, this provides theoretical basis for improving the billet surface quality and getting uniform shell thickness by analyzing and monitoring heat flux distribution in the mould especially in the "high heat flow region". KEY WORDS: heat flux; shell thickness; nonuniformity; mathematical model; continuous casting. ly in corners. In this paper, based on the monitoring data of mould temperature, an inverse problem model is developed to calculate the field of "real-time" heat flux of round billet mould and profiles of solidified shell thickness which can reflect the variation of heat transfer along circumferential direction and the changes of operation parameters in production. This research helps to make a further understanding of the distribution of the real mould heat flux and profile of solidifying shell thickness under normal production. The combination of on-line detection with numerical simulation and visualization of continuous casting mould process provides an applicable way for real-time monitoring of high efficient production of no-defect billet.
Introduction
For saving energy, reducing cost and shortening manufacturing cycle, modern iron and steelmaking demands the hot charge and hot delivery and even direct rolling of continuous casting strand (CC-HCR and CC-DR). The detecting and monitoring of the continuous casting mould process certainly plays an important role to the technology of producing non-defect strand which is the key to realize high hot charge rate (or DR).
The visualization for the continuous casting mould process, which should include visualization of temperature, heat flux, liquid steel solidification, strand stress etc., is the basis of an advanced control. It is the precondition to obtain the 3D profiles of temperature and heat flux that can reflect the practical operation conditions. Many research results have shown that the uniformity of heat transfer from strand to mould determines the solidification behavior and affects the billet surface quality, 1, 2) and even leads to breakout. 3) So, in order to produce high-efficiently no-defect billet, and realize the on-line detection of billet quality and precise prediction of abnormity, it's the hinge to gain the information of temperature and heat flux distribution in mould which reflects the changes of practical operation conditions. Two methods applied to research on the state of mould heat transfer are experiment monitoring and numerical simulation. The first is monitoring the temperature by the thermocouples buried in the mould or monitoring temperature difference of cooling water, and then the average mould heat flux is calculated. 4) Measured data can really reflect the variation of operation parameters of continuous casting, even limited numbers of thermocouples can't scope the whole heat transfer state of the mould. The second is calculating mould temperature and/or heat flux using mathematical models. This method is simple and convenient, and makes up for the shortage of measured spots, even is helpful to further and broadly investigate the strand solidification and heat transfer. Experience formulas of heat flux are applied to express the boundary condition of heat transfer in most researches and limited to the calculation under ideal state. 5) Even some researches were reported on which an inverse heat conduction model is developed and applied to calculate the mould heat flux based on the measured axial temperature profile, it's not included the effect of nonuniformity of mould heat transfer in different places at the same height in real production process. [6] [7] [8] The round billet mould is symmetry, and the nonuniformity of shell thickness is random and determined by the local heat transfer state, which is different from the slab because its mould geometry determines the shell to grow first-ly in corners. In this paper, based on the monitoring data of mould temperature, an inverse problem model is developed to calculate the field of "real-time" heat flux of round billet mould and profiles of solidified shell thickness which can reflect the variation of heat transfer along circumferential direction and the changes of operation parameters in production. This research helps to make a further understanding of the distribution of the real mould heat flux and profile of solidifying shell thickness under normal production. The combination of on-line detection with numerical simulation and visualization of continuous casting mould process provides an applicable way for real-time monitoring of high efficient production of no-defect billet.
Experiment
In a steel plant, experiment measurement was conducted on a double taper mould of diameter of 178 mm, and the taper changes at 300 mm from top of mould shown in Fig.  1(b) . The round billet mould, which wall is 14 mm thick and 780 mm long, was instrumented with thermocouples to measure mould temperatures, at the same time the mould heat flux was monitored by specially designed heat flux sensor. The sheathed thermocouples with diameter of 1 mm were buried in mould 7 mm from the cold face. In the cross sections of the six transverse faces, which are 95, 155, 245, 365, 515, 650 mm respectively from the top of the mould (expressed with L1, L2... L6), and six longitudinal faces, whose angle is 60°between any two of them (0°stands for inner arc of the mould), there are 36 monitoring points in all. Every spot has two thermocouples, the distance between them is 3.5 mm. The thermocouples lay out adopted in plant trial is presented in Fig. 1(a) .
The temperatures obtained from the thermocouples close to the inner-wall (hot face) of mould are named hot-face temperatures; while the temperatures obtained from the thermocouples close to the outer-wall (cold face) are named cold-face temperatures. In order to discuss easily and to decrease the effect of measurement error, the data used in this paper are time-averaged values under the guarantee of that the data are reasonable and the operation parameters are relatively stable. The averaged time interval is 10 min in this paper.
Analysis of a large amount of measured data concludes that, at the different heights below meniscus the heat flux and temperature profiles along circumferential direction are different as shown in Fig. 2. 
Brief Introduction of Calculation Method
In Ref. 9), because of the symmetry assumption in direct model the heat flux profiles calculated are symmetry, which can't reflect the real conditions as shown in Fig. 2 . On the basis of taking measured mould temperature data as boundary conditions, an inverse problem model is applied to calculate the temperature field in this paper. Because on-line measured mould temperatures can really reflect the influence of changes of practical operation parameters such as casting speed, pouring temperature, steel grades, mould level, the results obtained with the inverse problem model can better reflect the influence of changes of practical operation conditions than the ones with a direct model. At same time the inverse problem model avoids dealing with the complex heat transfer of the interface between the mould and shell, and decrease the error caused by empirical formula of heat flux as boundary conditions.
Establishment of Mathematical Model
The following assumptions are made concerning the heat transfer characteristics of continuous cast round billet mould:
(1) Two-dimensional transient state: Temperature and heat flux change along circumferential direction at the same height below meniscus. Heat flux is calculated by the tem- perature difference of thermocouples 3.5 mm apart to the radial direction of the mould. And temperature gradient is small along the drawing direction, so the heat flow along the drawing direction is negligible.
(2) Physical properties of the mould are constant: The physical properties such as heat conductivity, density and heat capacity of copper mould change little with the temperature blow 400°C, so the influence of temperature is negligible.
(3) The top and bottom of mould are considered to be adiabatic, and heat absorption by the mould powder above meniscus is negligible.
(4) The cooling water extends from the bottom to the top of the mould-wall, the heat transfer coefficient at the mould /water interface is constant throughout the length of the mould.
(5) The effective thermal resistance is adopted to stand for the complex heat transfer between the mould and the billet.
The differential equation governing heat conduction in the mould and molten steel in column coordinates under two dimensional transient condition is given by ............ (1) Where aϭk/(r · c p ), k is thermal conductivity, r is density, c p is specific heat, T is temperature, r is radius, f is radi- Where R eff is effective thermal resistance between the mould and billet, T s is surface temperature of billet, h w is convection coefficient, T w is the temperature of cooling water, T cout is the outer wall temperature of mould, T cin is the inner wall temperature of mould.
R eff is unknown, so heat transfer Eq. (2) is a morbid equation. Firstly, by assuming a uniform resistance the temperature field of the mould is calculated, and then by continuously changing the thermal resistance value, the temperature field calculation is continued until the calculated temperatures agree with measurements. This is a typical inverse heat transfer problem.
Inverse Problem Algorithm
An inverse heat conduction solver setting the iteration step and iteration direction of boundary conditions is applied, and by changing boundary conditions gradually, the convergence results are obtained. 
) is the thermal resistance of the previous iteration, T i,j is the measured temperature, T i,j p is the calculated temperature, (T i,j p ϪT i,j )is the difference between calculated result and measured one, ␣ i,j is the iteration step, When T i,j p is close to T i,j , and | T i,j p ϪT i,j |Յe, the computation stops, and the e is 1°C in this paper.
Given R z (r i,j p ) an initial value, the mould temperature field is calculated. By comparing the calculated temperatures and measured ones, R z (r i,j p ) is modified to calculate the temperature field once more. The computation will not stop until the calculated temperatures agree with the measured ones. Dichotomy method is applied to set ␣ i,j . The casting conditions and thermal physical properties of steel used in calculation are showed in Tables 1 and 2 respectively. 
Verification of the Effectiveness of Model

Comparison of Computed Results with Measured
Results along the Height and Circumference of Mould The calculated and experimental heat flux profiles along the drawing direction at 60°and 240°of the mould respectively are in agreement with each other, as shown in Fig.  5(a) , the corresponding thermal resistance profiles is shown in Fig. 5(b) . The thermal resistance can well reflect the state of slag film and gap between mould and strand, further determines heat transfer, i.e. low value of thermal resistance is corresponding to high heat flux, as shown in Fig. 5 . Figure  6 shows the calculated and experimental heat flux profiles along circumferential direction at L2 below the meniscus under different conditions of EMS at the casting speed of 1.79 m/min, it also shows that the changing tendencies of the calculated and experimental heat flux agree well, and the calculated results locate within the various ranges of measurements. It can be seen that heat flux in high EMS frequency (3.9 Hz) is large compared to that in low EMS frequency (3 Hz), one of the reason is that electromagnetic force increases with the increasing of EMS frequency, which speeds up the flow of liquid steel and enhances the ability of heat transfer.
Comparison of Mould-averaged Heat Flux between Computed and Measured Results
With on-line monitoring data such as inlet/outlet temperature and flow of cooling water, the mould water heat transfer is gained.
Through calculating the heat flux field of the mould, the calculated average mould heat flux is obtained. Figure 7 shows that the influence of casting speed on mould water heat transfer and the calculated average mould heat flux, it indicates that both of them share with similar characteris- tics and the maximum difference between them is about 300 kW/m 2 . The calculated average mould heat flux is a little lower comparing to the mould water heat transfer. One of the reasons is that the heat absorbed by the cooling water above the meniscus is not considered in the mathematical model. The comparative results between the mould water heat transfer and the calculated average mould heat flux mentioned above show that the mathematical model and the calculation method are correct and reasonable.
Results
The Characteristic of Heat Flux Distribution
along the Height Heat flux profiles along the mould length in different angles for different casting speeds are shown in Fig. 5 and It is interesting to notice that in the middle of the mould, about 280-330 mm below meniscus where the taper is changed, the local peak value of mould heat flux appears. The one of possible reasons is that improved matching of mould taper and solidification shrinkage in this area makes the declining of the air gap between billet and mould. Near the outlet of the mould, the position from 0.55 to 0.6 m from meniscus, the mould heat flux sometimes increases gradually. In Fig. 8(a) , the heat flux at the angle of 180°( outer-arc) increases obviously, whereas in 0°(inner-arc) it changes little at the casting speed of 1.72 m/min. However, in Fig. 8(b) , the heat flux at the angles of 90°and 180°in-creases significantly at the casting speed of 2.0 m/min. This implies that the strand is more close to the outer-arc area near the mould outlet, and is probably associated with the alignment of mould and the state of gap and slag film in the interface of mould and strand.
The Distribution of Mould Heat Flux along Circumferential Direction
The heat flux profiles along circumferential direction at the different heights below meniscus, for two groups of operation parameters during stable casting process, are shown in Figs. 9 and 10. As it is illustrated that the variation of heat flux at 160 mm from the top of mould (within the "high heat flow region") is the most non-uniform, but in the middle and lower part of the mould it varies little along the circumferential direction. In the "high heat flow region", the full infiltration of mould flux into the gap forming slag film between the initial solidified shell and mould determines the heat transfer to a great extend. And the distribution of slag film along circumferential direction is directly effected by the mould level fluctuation and infiltration of flux, i.e., the heat flux in this area is sensitive to the change of operation parameters and becomes the most nonuniform. Furthermore in the lower part of the mould, air gap forms and is the main factor to impact the heat transfer, the variation of heat flux is not as sensitive as one in "high heat flow region" when the operation parameters are changed. And the heat flux behavior varies relatively little in lower part of mould. In the same casting conditions the behavior of heat flux along circumferential direction are similar at different heights except those in the "high heat flow region". As seen from Figs. 9, 10 that, the heat flux doesn't increase obviously even the casting speeds increases, one of the reasons is super heat, that is in 2.3 m/min the pouring temperature 1 520°C is much lower than 1 538°C in 1.42 m/min, which may be contributed to the difference of pouring temperatures, other parameters such as mould powder may not be neglected.
In order to investigate the influence of mould installation on heat flux, the same mould was installed in different strands (strand 2 and strand 5 respectively) and monitored. Two groups of time-averaged temperatures at different casting speeds in the two different strands were applied to calculate. The results indicate that in different strands, the mould heat flux profiles at L2 are different, even if the same mould is installed as shown in Fig. 11 (the casting speeds of 1.42\1.72 m/min in the same strand 2, and the casting speeds of 2.0\2.3 m/min in the same strand 5). The calculated results are in good agreement with the measurements. In practice, different strands imply different mould installations. It indicates that the installation of the mould has obviously effects on the characteristics of heat flux profiles along circumferential direction. Figure 12 shows the heat flux nephograms in the transverse section of the mould 400 mm from meniscus at the speed of 1.42 m/min. The calculated heat flux distribution in direct problem (symmetrical mathematical model) is uniform as shown in Fig. 12(a) , whereas the calculated one in the inverse model, taking measured temperatures as boundary condition, is nonuniform as shown in Fig. 12(b) . One of the reasons is that the measured temperatures taken as boundary conditions are various at different time along circumferential direction, so there exists various heat transfer along circumferential direction and results in the non-uniformity. The mould process is actually a non-steady heat transfer process. Figure 13 shows that the average heat flux and temperatures vary along circumferential direction at L2 below meniscus at two different casting speeds. It illustrates that measured temperature profiles are parallel to those of calculated heat flux, whereas they are not always parallel to those of measured heat flux. There are many casual factors, such as scale that decreases the heat exchange between the mould and cooling water, increases the mould temperature and decreases mould heat flux. These are proved by measured results. With the assumption of the normal heat transfer state, the mathematical model does not consider the abnormal heat transfer behavior, so the calculated heat flux based on the measured mould temperature was evaluated rather higher than the measured heat flux which includes the effects of water scale, for examples. This means in order to investigate the real heat transfer, it's necessary to monitor the mould heat flux that can provide the basis for abnormal prediction in continuous casting production. 
Complexity of Transient State of Heat Flux
Consistency of Temperature with Heat Flux
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Shell Thickness Distribution in the Mould
Molten steel solidifies when the temperature falls below the critical temperature T between solidus and liquidus temperature. After the billet temperature field in the mould is calculated, the shape and dimension of the newly solidified shell is obtained as shown in Fig. 14 . It is known that the shell thickness varies with different angles along circumferential direction at the same height below meniscus. Figure 14 shows the shell thickness distributions in the mould at the same operation parameters (casting speeds, the pouring temperature and mould level) and the same steel grade. In this calculation example, the shell is thickest in 180°. Even with the same operation parameters, the shell thickness distributions are different more or less because of effects of some factors such as nonuniform distribution of mould flux leading to the nonuniformity of heat transfer. Of the upper part of the mould in the area between the angle of 0°and 180°, the shell thickness increases with the increasing degree as shown in Fig. 14(a) , but in Fig. 14(b) there is a local maximum in 90°; of the lower part of the mould in the area between the angle of 180°and 360°, the shell thickness decreases with the increasing degree in Fig.  14(b) , but in Fig. 14(a) there is not exactly so, and exists a local maximum in 270°. Under the same computational conditions as mentioned above, the calculated shell thickness distributions in direct model with a heat flux experience formula taken as boundary conditions are absolutely the same.
Relationship between Heat
Flux and Shell Thickness 5.6.1. The Relation between Height-averaged Heat Flux and the Mould Outlet Shell Thickness In different angles, the height-averaged heat flux varies as shown in Fig. 15 , and also the shell thickness at the mould outlet varies along circumferential direction the height-averaged heat flux profile is parallel to that of shell thickness at the mould outlet. So, it can be concluded that the uniformity of heat extraction from mould affects the uniformity of the shell thickness. Fig. 16(b) shows at the speed of 1.72 m/min, the thinnest shell thickness always locates in inner-arc (angle of 0°) where the shell thickness changes abruptly; whereas the Fig. 16(c) shows that at the speed of 2.0 m/min, the place where the shell thickness changes most abruptly is the outer-arc (angle of 180°), but in the angle of 240°, the shell is comparatively thinner coinciding with where the change is abrupt. It is found in field production that with the same pouring process, the longitudinal crack of the billet occurs almost at the similar area with certain range of arc. So, it can be concluded that the profile of heat flux in the "high heat flow region" determines the distribution of shell thickness at different heights to a great extent. Generally, higher heat flux corresponds to thicker shell. The reason is that in the "high heat flow region" the value of heat flux is about 2-3 times higher than that in middle and lower part of the mould, and another reason which can't be neglected is that the heat flux in "high heat flow region" along circumferential direction is much more nonuniform than other region as illustrated in Figs. 9, 10.
Shell Thickness and Its Uniformity
The average shell thickness at the mould outlet is the key parameter to keep the production stable and highly efficient. In general, the average shell thickness decreases when the casting speed increases keeping the condition of other operation parameters constant.
Based on the measured temperatures and operation parameter record at same time, the temperature field is calculated. As shown in Fig. 17 that the averaged shell thickness at mould outlet and averaged mould heat flux calculated are kept constant or rather have a little increase even if the casting speed is increased and they also have similar changing trend. There is some contradiction between the results and the knowledge. The possible reasons are that many other operation parameters except casting speed have influence on the shell thickness, such as the super heat and mould powder, etc. Some descriptions in detail are as follow. 1) The mould powder with high heat conductivity would increase the heat transfer from the strand to the mould further the shell thickness at the mould outlet. While it is worth to note that for the peritectic grades, the mould slag's lubrication behavior should be considered together with the heat transfer behavior simultaneously; 2) Super heat is the other factor to determine the shell thickness, in real casting condition through declining the super heat to keep the shell thickness constant or increase it at the mould outlet when the casting speed is increased.
Shell thickness varies along circumferential direction at the same height below meniscus, non-uniformity of shell thickness at mould outlet could be expressed as d%ϭmax(|T c (i)ϪT c (a)|)/T c (a)ϫ100%, where T c (i) is the local shell thickness in certain angle, T c (a) is the average shell thickness along circumferential direction. As shown in Fig. 17 , with the increasing of casting speed, d% decreases and the shell thickness becomes more uniform, which decreases the billet stress. In higher casting speed, to keep good surface quality of the strand many other methods are taken to decrease the non-uniformity of shell thickness during the real casting conditions, and the details are as follow: 1) The deeper molten slag pool ensures an adequate flow of molten slag into the mould/strand gap to produce more uniform shell; 2) That reducing the fluctuations in mould level and using powders that provide stable infiltration characteristics and uniform liquid slag film lead to more uniform shell. As this paper indicated above that in the high heat flow region the non-uniform heat flux, which is affected by the powder infiltration characteristics, determines the profile of shell thickness to a great extent; 3) High lubrication index of the casting powder help to produce more uniform shell; 10) 4) Starter powders were found to produce a stable slag film, which provided a more uniform thermal flux and consequently, the uniform shell; 5) Different carbon contents have different ability to produce uniform shell, and the shell growth behavior in the low C-range becomes also more even and uniform. So, it can be concluded that from the view of shell thickness and its uniformity, the adjustment of operation parameters is reasonable when the casting speed increases in the plant where the measurement was conducted.
6. Discussion 6.1. Low Heat Flux of the Mould 0-60 mm below Meniscus Under the influence of mould lubricant the heat flux in the area 0-60 mm below meniscus is low, towards the downward direction it increases abruptly until reaches the peak value, after that it decreases obviously, it indicates that gap forms. And then the heat flux, which is affected little by the operation parameters, keeps relatively stable and varies little.
Up to now, most researches show that the peak value of heat flux occurs just below meniscus. 6, [11] [12] [13] The discovery of high heat flux occurring far below meniscus has also been put forward, but its explanation of this phenomena contributed to the imprecision of mould level monitor. 6) In this research, the peak value of calculated and measured heat flux all occurs far below meniscus as mentioned above. One of the possible reasons is that melting of mould flux above meniscus absorbs a large amount of heat from molten steel, so, there exits longitudinal heat transfer resulting in low heat flux in this region, and the immersion depth of submerged nozzle with direct gate is another effect factor which can't be negligible. Based on the characteristics of heat flux distribution, in the actual monitoring process, combining the measurements of heat flux in "high heat flow region" with calculation by inverse problem model can provides on-line information on the nonuniformity of solidified shell thickness and installation of mould in continuous caster, and also provide a possible way to monitor billet quality and the installation of the requirements.
Necessity of Monitoring Mould Heat Flux
When profile of measured temperature is not parallel to that of heat flux, it implies that abnormal heat transfer such as that caused by the scale resulting from the impurity and local boiling of cooling water, is taken place. As the behavior of abnormal heat transfer is not considered in the model discussed in this paper, so the calculated heat flux profiles calculated are always similar to the measured temperature profiles. The distribution of mould heat flux can reflect the distribution of shell thickness to a great extent, so, in order to describe correctly the mould heat state and the real distribution of shell thickness, it's necessary to monitor the mould heat flux.
Conclusions
A continuous casting round billet mould with 36 measurement spots is buried with 72 thermocouples, and temperature and heat flux are recorded during casting. Based on the measured mould temperature, an inverse heat transfer model has been developed to calculate the heat flux field and shell thickness distribution in the mould. The characteristic of heat flux and relation between the heat flux of mould and shell thickness during the production was analyzed, and it is indicated that the research and monitoring of heat flux are important and necessary. The concrete conclusions are as follow:
(1) Based on measured temperatures together with experimental heat flux, an inverse problem model is established and applied to calculate the "real-time" mould heat flux field and the nonuniformity of shell thickness in the mould.
(2) Heat flux profile in the "high heat flow region" 80-130 mm below meniscus accords with that of shell thickness at different heights below meniscus to a great extent.
(3) The round billet mould heat flux and shell thickness are nonuniform along circumferential direction and the profiles are affected by the installation of mould and lay out different characteristics in different strand.
(4) It's suggested that combining measurements of heat flux in "high heat flow region" with calculation by inverse problem model can provide on-line information on uniformity of solidified shell thickness and installation of mould.
